In mammals, four different protein kinases, heme-regulated inhibitor, double-stranded RNA-dependent protein kinase (PKR), general control non-derepressible-2 (GCN2) and PKR-like endoplasmic reticulum kinase, regulate protein synthesis in response to environmental stresses by phosphorylating the a-subunit of the initiation factor 2 (eIF2a). We now report that mammalian GCN2 is specifically activated in vitro upon binding of two nonadjacent regions of the Sindbis virus (SV) genomic RNA to its histidyl-tRNA synthetase-related domain. Moreover, endogenous GCN2 is activated in cells upon SV infection. Strikingly, fibroblasts derived from GCN2 À/À mice possess an increased permissiveness to SV or vesicular stomatitis virus infection. We further show that mice lacking GCN2 are extremely susceptible to intranasal SV infection, demonstrating high virus titers in the brain compared to similarly infected control animals. The overexpression of wild-type GCN2, but not the catalytically inactive GCN2-K618R variant, in NIH 3T3 cells impaired the replication of a number of RNA viruses. We determined that GCN2 inhibits SV replication by blocking early viral translation of genomic SV RNA. These findings point to a hitherto unrecognized role of GCN2 as an early mediator in the cellular response to RNA viruses.
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Introduction
In eukaryotic cells, protein synthesis is mainly regulated at the level of initiation of mRNA translation. The reversible phosphorylation of the a-subunit of eukaryotic translation initiation factor 2 (eIF2a) is a well-characterized mechanism of translational control in response to a wide variety of cellular stresses, including nutrient starvation, iron deficiency, heat shock, UV irradiation and viral infection (de Haro et al, 1996; Dever, 2002) . Four different eIF2a kinases have been identified that specifically phosphorylate eIF2a on Ser-51. All known eIF2a kinases share a conserved kinase domain linked to unique regulatory regions. This feature confers on each kinase the ability to respond to a specific stress stimulus, thus ensuring that cells may become sensitized to a wide variety of stress-induced signals (Dever, 2002) . Thus, heme-regulated inhibitor (HRI) is activated both by heme deficiency and under conditions of heat shock and oxidative stress (Lu et al, 2001) . Double-stranded RNA-dependent protein kinase (PKR) is induced by interferon (IFN) and activated by double-stranded RNA (dsRNA) during viral infection (Kaufman, 2000) . General control non-derepressible-2 (GCN2) is an eIF2a kinase that is activated by amino acid or serum deprivation and UV irradiation (Berlanga et al, 1999; Hinnebusch, 2000; Deng et al, 2002) . The fourth eIF2a kinase, PKR-like endoplasmic reticulum (ER) kinase (PERK, also known as PEK), is activated by unfolded proteins in the ER (Shi et al, 1998; Harding et al, 1999) . It is well known that eIF2a phosphorylation can regulate both gene-specific and general translation. Thus, the eIF2a kinases phosphorylate eIF2a, leading to the inhibition of eIF2B activity. This generates low levels of ternary complex eIF2-GTP-Met-tRNA i Met , resulting in reduced general translation and increased translation of the transcription factors, GCN4 in yeast and ATF4 in mammals, which activate expression of their target genes involved in the stress response (Hinnebusch, 1997; Harding et al, 2000) .
GCN2 was originally characterized in Saccharomyces cerevisiae as being required for amino-acid control of GCN4 mRNA translation. It is activated in amino-acid-starved cells through binding of uncharged tRNA to a region homologous to histidyl-tRNA synthetase (HisRS), located at the C-terminus of the kinase domain (Wek et al, 1989) . In this case, eIF2a phosphorylation enhances the translation of GCN4, a transcriptional activator of genes involved in the biosynthesis of amino acids (Hinnebusch, 2000) . A GCN2 ortholog identified in mammals (Berlanga et al, 1999; Sood et al, 2000) is also activated under conditions of amino-acid starvation (Harding et al, 2000) . Moreover, the above mechanism for transcriptional activation of gene expression seems to be conserved throughout eukaryotic evolution. Thus, upon amino-acid deprivation, mammalian GCN2 stimulates the translation of the transcription factor ATF4, which activates the transcription of CHOP, a downstream target gene that is itself a transcription factor that controls expression of a set of stress-induced target genes (Harding et al, 2000) . Although the GCN2 gene is not essential for cell viability, mice devoid of GCN2 show a poor adaptation to amino-acid deprivation (Zhang et al, 2002) . Finally, the fact that mammalian GCN2 is also activated in response to specific stress signals such as serum deprivation (Berlanga et al, 1999) or UV irradiation (Deng et al, 2002) suggests the possibility that this eIF2a kinase might be involved in other stress-induced pathways.
Numerous studies have indicated that PKR plays a key role in IFN-mediated host defense against some viruses (Balachandran et al, 2000; Stojdl et al, 2000) . In contrast, a number of studies have shown that PKR is not the only mechanism to antagonize virus infection, although the nature of PKR redundancy is not known (Abraham et al, 1999; Zhou et al, 1999) . Thus, PKR has been shown to be nonessential in the innate antiviral response of animals challenged with encephalomyocarditis virus, vaccinia virus (VV), Sindbis virus (SV) and influenza virus (Yang et al, 1995; Abraham et al, 1999) . These results provide strong evidence for the existence of alternative antiviral pathways (Abraham et al, 1999) .
Here, we report that mammalian GCN2 is activated by the SV RNA genome. We propose that mammalian GCN2 is involved in an innate antiviral response pathway in the host defense against RNA viruses.
Results

Viral RNA activates mammalian GCN2
We first studied the activation of mammalian GCN2 by uncharged tRNAs, as occurs with its yeast counterpart (Wek et al, 1989) , in a kinase activity assay using [g-32 P]ATP and rabbit reticulocyte eIF2 as a substrate. A significant increase in the phosphorylation of both GCN2 itself and eIF2a was detected in the presence of increasing concentrations of uncharged tRNA ( Figure 1A ). This treatment did not significantly affect PKR ( Figure 1A ). By contrast, the synthetic dsRNA poly(I)-poly(C), a well-known activator of PKR, was devoid of significant GCN2 activation capacity ( Figure 1B) . A mutation in the m2 motif of the HisRS domain in yeast GCN2 strongly decreased the binding to tRNA, thus making the kinase unable to phosphorylate eIF2a in response to amino-acid deprivation (Wek et al, 1995) . The GCN2-m2 mutant protein possessed reduced autophosphorylation and eIF2a kinase activities, both in the absence or presence of uncharged tRNA ( Figure 1A) . Therefore, uncharged tRNA also activates mammalian GCN2, its HisRS-related domain being required for such activation.
Surprisingly, genomic SV RNA directly activated GCN2, enhancing both kinase autophosphorylation and eIF2a phosphorylation ( Figure 1C ). Moreover, this enhancement was not observed when the catalytically inactive GCN2-K618R variant was tested ( Figure 1C ). The finding that the GCN2-m2 mutant protein also possessed reduced autophosphorylation and eIF2a phosphorylation in response to SV RNA ( Figure 1C ) suggested that SV RNA activates GCN2 through binding to the m2 motif of its HisRS domain.
To examine the specificity of GCN2 activation by SV RNA, the effect of increasing concentrations of SV RNA or a control RNA derived from the GCN2 gene itself was assayed. A concentration of SV RNA as low as 1.28 nM was sufficient to yield a substantial activation of GCN2 ( Figure 1D ). In contrast, control RNA was nearly inactive at any of the concentrations tested. To test whether activation by SV RNA is a specific feature of GCN2, we examined the response of the four eIF2a kinases (GCN2, PERK, PKR, HRI) to this RNA as well as to poly(I)-poly(C). The subsequent in vitro kinase assay revealed that PERK and HRI phosphorylated eIF2a in the absence of activators ( Figure 1E ). Interestingly, whereas both SV RNA and poly(I)-poly(C) activated PKR, GCN2 activity was induced exclusively by SV RNA, suggesting that the presence of a dsRNA alone does not account for the activation of GCN2 and underscores the role of SV RNA as a novel activator of mammalian GCN2.
A bipartite sequence located at the 5 0 -terminus of SV RNA promotes the activation of GCN2 To determine the region of SV RNA responsible for the GCN2 activation, subgenomic RNAs encompassing different regions of 5 0 -terminus SV RNA were assayed. A construct bearing the first 2288 nucleotides (nts) was as active as the full-length SV RNA (Figure 2A-C) , suggesting that all the elements necessary for GCN2 activation are contained within this region. Progressive deletions from the 3 0 -end of this RNA fragment led us to identify an element located between nucleotides 1920 and 2162 that was necessary to achieve full activation of GCN2 ( Figure 2A ). The fragment comprising nts 942-2288, which includes this putative activator element, did not bring about the same degree of activation as RNA nts 1-2288 ( Figure 2B ), suggesting that another sequence apart from nts 1920 to 2162 is also necessary. Additional experiments allowed us to define a new fragment (nts 502-1099) as relevant for GCN2 activation. Therefore, we cloned two fragments (nts 502-1099 and nts 1920-2168) separately or in tandem. Although these fragments were unable to activate GCN2 separately, the two joined fragments of RNA achieved a degree of activation similar to that obtained with fragment nts 1-2288 or full-length SV RNA ( Figure 2C ). These regions were named GAR for GCN2-Activating RNA. The activation by GAR was abolished when the RNA was first denatured by boiling at 1001C for 5 min, showing that the secondary structure of GAR is essential for activating GCN2. These results are summarized in Figure 2D .
Since GCN2 binds directly to uncharged tRNA through the HisRS domain, which is, in turn, essential for responding to SV RNA, we tested whether wild-type (WT) GCN2 and the mutant GCN2-m2 can bind the GAR sequence. As shown in Figure 2E , the WT GCN2, but not the mutant GCN2-m2, protein bound the GAR sequence. We therefore propose that the two nonadjacent regions at the 5 0 -end of SV RNA form a defined structure (GAR) that binds to the HisRSrelated domain of GCN2 to promote kinase activation.
Additionally, we showed that endogenous GCN2 becomes activated in mouse embryo fibroblasts (MEFs) following SV infection ( Figure 2F ). Despite the existence of some basal levels of GCN2 activity in uninfected cell extracts, a consistent increase in the phosphorylation of eIF2a (about two-fold) was observed in SV-infected MEFs at 2 h postinfection (h.p.i.). This enhanced eIF2a kinase activity was definitively attributed to GCN2 activation since anti-GCN2 antibodies specifically precipitated an eIF2a kinase activity from WT, but not from GCN2 À/À MEFs (see Supplementary Figure S1 ). Furthermore, under similar conditions, the in vitro eIF2a kinase activity of PKR immune complexes showed an increase only in SV-infected GCN2 À/À MEFs, when the virus had already started replication and E1 protein had significantly accumulated (see Supplementary Figure  S2 ). These data demonstrate that GCN2, but not PKR, could be activated, leading to phosphorylation of eIF2a, early during SV infection of WT cells.
SV infection of mouse cells lacking GCN2
To test the effect of the GCN2 gene product on SV replication in cultured cells, we used immortalized MEFs derived from GCN2 À/À and control animals. Cells were infected at high SV at high MOI showed that an early, exponentially increasing phase of viral protein synthesis was followed by a late phase in which the rate of viral protein synthesis became constant and maximal in GCN2 À/À cells. Strikingly, the kinetics of SV protein synthesis in WT MEFs was delayed about 8 h ( Figure 3A) . Thus, the E1 viral protein was first clearly detected in GCN2 À/À and control cells at 4 and 12 h.p.i., respectively ( Figure 3A , bottom). To confirm the increased permissiveness of GCN2 À/À MEFs to SV infection, cells were infected with a lower MOI, and protein synthesis was monitored at longer times. In SV-infected GCN2 À/À cells, there was a steadily increasing synthesis of SV proteins as well as a significant reduction in cellular translation at 6 h.p.i. (Figures 3B and 4A) . At late times, there was a rapid decrease of viral protein synthesis due to lysis of the cells ( Figure 3B ). However, in MEFs derived from control mice, no viral proteins were detected, even at late times ( Figure 3B ). To determine whether the permissiveness of GCN2 Purified wild-type GCN2 (GCN2-WT), the HisRS mutant (GCN2-m2) and PKR were assayed for their ability to phosphorylate eIF2a in the absence or the presence of increasing concentrations of uncharged bovine liver tRNA (Sigma) (A) or of poly(I)-poly(C) (Sigma) (B), as indicated. Phosphoproteins were analyzed by SDS-PAGE and autoradiography. Note an unknown phosphoprotein above the eIF2a band (A), which seems to be the consequence of the unspecific copurification of a kinase activity bound to TALON affinity resin. (C) In vitro eIF2a kinase assay of purified GCN2-WT, GCN2-K618R or GCN2-m2, in the absence or presence of SV RNA. Proteins were resolved into 10% SDS-PAGE and transferred to an immobilon-P membrane. The membrane was exposed to autoradiography (upper panels) and then probed with different antisera to detect eIF2a phosphorylated at serine 51 (eIF2a-P), total eIF2a and phosphorylated, and total GCN2 (lower panels) as indicated. (D) Kinase reactions were performed in the presence of the indicated concentrations of SV RNA or GCN2 RNA (as a negative control) and analyzed as described in (A). (E) Phosphorylation of eIF2a by Drosophila PERK, or mammalian PKR, GCN2 and HRI in the absence or presence of either poly(I)-poly(C) (1 mg/ml) or SV RNA (2.5 mg/ml, 0.64 nM). The analysis was carried out as described in (A).
and B). It is interesting to note that both SV and VSV showed a marked cytopathic effect in GCN2 À/À as compared to Figure 4C ). This finding most probably reflects the increased ability of SV and VSV to replicate in GCN2 À/À cells.
It was recently reported that eIF2a phosphorylation initiates cytoprotective responses and that activation of these pathways can single handedly promote a stress-resistant preconditioned state (Lu et al, 2004) . Thus, we examined the effect of GCN2 absence on other viruses such as VV and influenza virus (FLU). Remarkably, in contrast to SV and VSV, the pattern of VV and FLU protein synthesis in both GCN2 À/À and GCN2 þ / þ MEFs at 6 h.p.i. was virtually identical (see Supplementary Figure S3 ), supporting the idea that GCN2 does not protect the cultured MEFs against these viruses. We conclude that the GCN2 genotype of cultured MEFs 0 -end-containing RNAs encompassing the indicated nucleotides of SV RNA were assayed for their ability to activate GCN2 as described in Figure 1. (B) Activation of GCN2 by the indicated fragments of viral RNA. GCN2 RNA was assayed as a negative control. (C) Fragments 1920-2168 (RNA-2) and 502-1099 (RNA-1) were tested alone or in combination, upon joining them by DNA recombinant technology (GAR construct; GCN2 Activating RNA). The heat-denaturated GAR fragment was also assayed, as well as native SV RNA 1-2288 and a full-length RNA (1-11 703). All RNAs were used at the same concentration (0.64 nM). In (B) and (C), only eIF2a phosphorylation is shown. (D) Schematic diagram depicting regions of SV genomic RNA involved in activation of GCN2 according to data from (A) to (C). GCN2 activation by the different RNA fragments is expressed as % of activity with respect to those obtained with full-length SV RNA: ( þ þ þ ), 75-100% activity, ( þ þ ), 50-75% activity, ( þ ), 25-50% activity and ( þ /À) less than 25% activity. Data are expressed as the mean of at least three independent experiments. GAR (hatched and black boxes) and the encapsidation signal in the SV genome (shadow box) are also drawn. (E) GCN2-(WT) and the HisRS mutant GCN2-m2 were purified as described in Materials and methods. Two different amounts of proteins were resolved in a 7.5% SDS-PAGE, transferred to a nitrocellulose membrane and probed with a 32 P-labeled GAR fragment in a Northwestern blot assay (NW, top panel). The amount of loaded protein was monitored by reprobing the membrane with anti-myc antibody (WB, bottom panel). (F) MEFs were mock-infected or infected with SV at an MOI ¼ 50, and cell lysates were prepared at 2 h.p.i. and subjected to immunoprecipitation with anti-GCN2 antibody. Immune complexes were assayed for their ability to phosphorylate eIF2a (top panel). The amount of GCN2 was monitored by immunoblot using anti-MGCN2 antibody (bottom panel). The amount of 32 P incorporated in eIF2a was quantified in a Phosphorimager BAS-1500 (Fujifilm). A representative experiment out of three that yielded similar results is shown. Numbers under the top panel represent the increase in eIF2a phosphorylation in immune complexes from SV-infected cells compared to those from mock-infected ones. Values indicate the mean7s.d.
modulates their susceptibility to infection by some, but not all, viruses.
MEFs derived from PKR À/À and control mice were also assayed for their permissiveness to either SV or VSV infection. In the absence of IFN treatment, the synthesis of either SV or VSV proteins did not significantly increase in PKRdeficient fibroblasts. In fact, a slight decrease in the viral proteins was observed in PKR À/À compared to PKR
MEFs ( Figure 4B ), due to a reduction in the rate of protein synthesis in PKR À/À compared to PKR þ / þ MEFs. Equivalent levels of total eIF2a confirm that similar amounts of total protein are present in each lane ( Figure 4B ). We conclude that the elimination of PKR did not increase SV or VSV replication compared to control cells. Although we found similar levels of phosphorylated eIF2a (eIF2a-P) in mock-infected WT and GCN2 À/À MEFs when cells were grown in normal medium, the increased amount of eIF2a-P observed in mock-infected WT MEFs probably reflects the activation of GCN2 due to the low concentration of methionine during the metabolic labeling (see Supplementary Figure S4 ). PKR-null MEFs also contained levels of eIF2a-P similar to that of control cells. A slight increase in the amount of eIF2a-P was observed in the SV (or VSV)-infected GCN2 þ / þ MEFs compared to the levels found in mockinfected cells of the same genotype, which reflects GCN2 activation and the low level of replication of SV in those cells. The substantial increase in eIF2a-P observed in GCN2
À/À cells infected with SV is indicative of a highly productive viral replication in these cells (Figures 3 and 4) . These results suggest that PKR activation accounts for most of the eIF2a phosphorylation observed in SV-infected GCN2 À/À cells.
Susceptibility of mice lacking GCN2 to SV infection
To test the role of GCN2 antiviral activity against SV infection in vivo, GCN2 À/À and control (GCN2 À/ þ ) mice were infected intranasally (i.n.) with SV, and virus replication in the brains was analyzed. In the 129SvEv strain, SV replicates within the first 7 days of infection and subsequently declines due to the immune system-mediated clearance of virus. As early as 3 days after infection, GCN2 À/À mice showed significant titers of SV in their brains, while control animals had no detectable virus ( Figure 5A ). On days 3 to 4 postinfection, brain titers in GCN2 À/À animals were around 4 logs higher than those seen in control mice. From day 5 onward, amounts of virus were significantly increased in the brains of control animals and both GCN2 À/À and control mice showed equally high levels (10 6 plaque-forming unit (PFU)/ml) of virus by day 7 ( Figure 5A ). Thus, the kinetics of SV replication was accelerated in GCN2 À/À animals, while the kinetics of SV protein synthesis in GCN2 À/À MEFs was accelerated as well.
To better determine the extent of viral infection at the early stages and obtain statistical values, a higher number of mice of each genotype were infected i.n. with 1 Â10 6 PFU and killed on day 3 postinfection for measurement of virus titers in the brain. As before, a significant majority of GCN2 À/À mice showed high brain titers (more than 10 6 PFU/ml), whereas most control animals had no detectable virus (less than 10 2 PFU/ml) ( Figure 5B ). Collectively, our data show i. Cells were lysed in a sample buffer and equivalent amounts of total protein were subjected to 12% SDS-PAGE, transferred to nitrocellulose membranes and subjected to autoradiography (upper panels). The membranes were then probed with specific antisera for the detection of SV-E1 protein, eIF2a-P and total eIF2a (bottom panels) as indicated. The position of the main viral protein bands of each virus as well as that of the actin band in mock-infected cells is also indicated. that GCN2 is critical for protection against SV at early times of infection.
The overexpression of GCN2 blocks SV replication
To further corroborate our conclusions, we analyzed the effect of GCN2 overexpression on virus replication in cultured cells. 3T3-derived cell lines that overexpress WT GCN2 or the K618R-inactive mutant were obtained. The genotype of these cell lines was confirmed by RT-PCR and by Western blot analyses, showing a GCN2 expression of 50-80% over the endogenous protein.
We then analyzed the replication of several viruses, including RNA viruses such as SV, Semliki forest virus (SFV), VSV and the DNA virus VV, in cells stably transfected with GCN2 constructs. As shown in Figure 6A , the ability of SV to form plaques was severely reduced in cells overexpressing WT GCN2. In contrast, the replication of VV was not hampered in those cells. For VSV and SFV, GCN2 had some effect on both the number and the size of lysis plaques. As expected, no effect was observed when the viruses were plaqued on cells overexpressing the K618R mutant. To better quantitate the effect of GCN2 overexpression on virus replication, the viral yields produced for each virus in a single cycle of infection was measured. As shown in Table I , SV viral titers were reduced more than 2 logs in cells overexpressing WT GCN2. The replication of SFV and VSV were also affected, but to a lesser extent (about a 1 log reduction).
Given the role of GCN2 as a translational regulator, we speculated whether GCN2 overexpression could be inhibiting virus replication by blocking translation of viral mRNAs. Indeed, the synthesis of viral proteins was diminished, and the shutoff of host protein synthesis associated with infection by SV was attenuated in cells overexpressing WT GCN2 (Figure 6B) , suggesting that the replication of these RNA . Viral protein synthesis was analyzed at 6 h.p.i. as described in Figure 3 (upper panels). The membranes were then probed with specific antisera for detection of GCN2, PKR, eIF2a-P and total eIF2a (bottom panels) as indicated. (C) Result of GCN2 depletion on the cytopathic effect produced by the indicated viruses. Cells were infected as in (A) and phase-contrast micrographs of mock-or virus-infected cell monolayers were taken at 18-20 h.p.i.
viruses is, in fact, delayed. In agreement with data from Figure 6A , the synthesis of VV proteins was not impaired in cells overexpressing WT GCN2. Again, the antiviral effect observed was mainly due to the kinase activity of GCN2, since only minor effects were observed in cells overexpressing the K618R mutant.
GCN2 inhibits SV replication by blocking early viral translation of genomic RNA
To determine which step in the SV viral cycle is affected by GCN2 activation, we studied the translation of the nonstructural proteins (nsPs) from the incoming viral RNA, the first step that must occur in order to generate the proteins necessary to assemble a replication complex. To do so, we used an SV variant, designated Toto1101/Luc (Bick et al, 2003) , which expresses Firefly luciferase as an in-frame fusion within nsP3 ( Figure 7A ) and allows for simple quantification of the levels of proteins generated by translation of incoming as well as replicated genomic RNA. We performed a time-course analysis of WT and GCN2 À/À MEFs transfected with Toto1101/Luc RNA, and we found that translation of incoming viral RNA was reduced in control cells compared to that in GCN2 À/À MEFs ( Figure 7B ). Moreover, in the presence of ribavirin, an inhibitor of viral RNA synthesis, protein synthesis did not significantly change until at least 6 h.p.i., most probably reflecting the reduced ability of SV to replicate in WT MEFs.
To further examine the correlation between eIF2a phosphorylation and SV replication, we measured the impact of lowering the level of eIF2a-P in BHK cells overexpressing an active fragment of GADD34 (A1), the regulatory subunit of an eIF2a-specific holophosphatase complex, on the SV viral cycle. As predicted, the A1-transduced BHK cells showed reduced levels of eIF2a-P under basal conditions or when stressed (see Supplementary Figure S5) . Interestingly, the viral cycle is accelerated in A1-transduced, compared to control, cells infected with SV, as shown by the earlier accumulation of structural viral proteins ( Figure 7C ).
Our data indicate that GCN2 blocks the synthesis of nsPs from SV RNA, thus preventing the replication of SV. Moreover, the observed translational inhibition of nsPs results mainly from the increased levels of eIF2a-P produced by the activation of GCN2 by viral genomic RNA.
Discussion
In this paper, we show that the mammalian GCN2 plays a novel role in the antiviral response to certain RNA viruses. Indeed, we have presented a large body of evidence that implicates GCN2 in the antiviral response of the cell. First, GCN2 binds and is activated in vitro by viral RNA sequences. Second, GCN2 is activated upon infection with SV. Third, cells devoid of GCN2 show a higher permissiveness for SV (or VSV) infection than control cells. The specific role of GCN2 is further supported by the fact that PKR-null cells did not show this increased susceptibility to promote SV (or VSV) replication. Furthermore, the antiviral effect attributed to GCN2 does not reflect the cytoprotective role of eIF2a phosphorylation, recently proposed for PERK in mammalian cells (Lu et al, 2004) .
Fourth, and more importantly, mice lacking GCN2 show a significant increase in susceptibility to SV replication over control mice, demonstrating the physiological relevance of this mechanism. Fifth, overexpression of GCN2 leads to the suppression of SV (or VSV) replication, inhibits SV protein synthesis and significantly decreases viral production. Interestingly, these effects involve the enzymatic activity of GCN2, since overexpression of the catalytic inactive GCN2-K618R mutant did not show any effect on viral replication. Finally, we provide experimental evidence showing that GCN2 prevents replication of SV by phosphorylating eIF2a, thereby blocking early viral translation of genomic SV RNA. We consider these results to be compelling evidence that GCN2 plays a key role in host defense against viral infection.
Our results demonstrate for the first time that, in addition to uncharged tRNA, murine GCN2 is activated in vitro by viral RNA sequences. We mapped two short noncontiguous sequences (GAR) in SV RNA involved in GCN2 activation that seem to fold in a common structure. Owing to the apparent complexity of GAR, we do not yet know which specific elements of GAR are directly involved in GCN2 activation. Notably, one of the fragments of GAR (nts 502-1099) matched a previously defined sequence at nts 745-1225, involved in the encapsidation of SV RNA, which can be folded in a cloverleaf-type structure (Weiss et al, 1994; Frolova et al, 1997) . Our studies also demonstrate that GCN2 directly binds SV RNA through its HisRS-related domain, which also binds uncharged tRNA.
Interestingly, we observed that other viral RNA genomes, including those for poliovirus and human immunodeficiency virus (HIV-1), also activated GCN2 in vitro (manuscript in preparation). We found important differences between GCN2 and PKR. Thus, GCN2, but not PKR, is activated by uncharged tRNA, and conversely, PKR, but not GCN2, is activated by the synthetic dsRNA poly(I)-poly(C). Furthermore, GCN2
À/À MEFs show much more permissiveness for SV infection than control or PKR À/À MEFs. Our results fully agree with recent reports concluding that PKR does not play a role in alphavirus replication (Ryman et al, 2002; Ventoso et al, 2006) . These experiments indicate that there may be at least two pathways leading to an antiviral state, one dependent on PKR (elicited by IFN or poly(I)-poly(C)) and another dependent on GCN2 and independent of IFN or poly(I)-poly(C), which prevents replication of SV in the early stages of the viral replicative cycle. Finally, our data indicate that other RNA viruses such as VSV or SFV show a similar susceptibility to GCN2, although to a lesser extent. What is the molecular mechanism by which GCN2 inhibits viral replication? The most obvious explanation is that it does so by phosphorylating eIF2a, thereby blocking viral translation. Previous reports showed that PKR is activated upon infection with SV (Saito, 1990) , and it has been suggested that the PKR-dependent inhibition of translation is not the only and, most likely, not the major pathway mediating translational shutoff during SV infection (Gorchakov et al, 2004) . Our data are consistent with those results but further indicate that PKR activation induced by SV infection is more evident in cells devoid of GCN2, probably because PKR activation in these cells, but not in normal cells, occurs early in the infection as a consequence of the appearance of replicative forms of the viral RNA. We have shown that GCN2 is activated in SV-infected cells, and that a fraction of phosphorylated eIF2a in these cells can most probably be ascribed to the GCN2 activity. Moreover, our data indicate that GCN2 prevents replication of SV in the early stages of the viral replicative cycle by inhibiting translation of the incoming SV RNA through eIF2a phosphorylation. Therefore, we believe that infection-induced GCN2-mediated eIF2a phosphorylation plays an important role in host resistance to infection, and that GCN2 is an important component of innate cell ability to respond to RNA viruses. This is consistent with the fact that the GAR structure is only present in the genomic RNA, which is translated early to produce the nonstructural and replicase proteins necessary for viral RNA synthesis and the subsequent production of subgenomic 26S mRNA encoding the structural proteins (C, E1 and E2) (Strauss and Strauss, 1994) , whose translation appears to be resistant to eIF2a phosphorylation (Ventoso et al, 2006) . What is the physiological relevance of this novel GCN2-dependent pathway involved in antiviral defense? The importance of GCN2 in preventing SV infection was underscored by the fact that mice lacking this eIF2a kinase show high titers in the brain, while no detectable virus was obtained in the brain of control animals at early times. This viral replication does not contribute to the death of these mice, in good agreement with previous reports showing that resistance to fatal SV infection in mice is age-dependent. Thus, at 4-5 weeks of age, most mice strains no longer develop a fatal disease (Thach et al, 2000) . Our results clearly indicate that the replication of SV and VSV is inhibited by GCN2 activity. Interestingly, both viruses have a marked tropism for the brain (Ryman et al, 2000) , where murine GCN2 is highly expressed (Berlanga et al, 1999) . Additionally, during embryogenesis Drosophila melanogaster GCN2 mRNA is dynamically expressed in several tissues, but at later stages this expression becomes restricted to a few cells of the central nervous system (CNS) (Santoyo et al, 1997) . All these observations underscore the plausible role of GCN2 in translational control and its potential physiological significance, especially in host defense against RNA viruses that infect the CNS.
Materials and methods
Cells, virus and plasmids MEF cell lines established from WT ( þ / þ ) and knockout (À/À) GCN2 (Harding et al, 2003) , and PKR (Abraham et al, 1999) animals have been described. MEFs, NIH 3T3 and HEK 293T cell lines were grown in Dubecco's modified Eagle's medium containing 10% (v/v) fetal calf serum.
The plasmid encoding a constitutively active GADD34 C-terminal protein fragment was expressed in BHK cells by transduction of the A1 retrovirus, as described previously (Novoa et al, 2001 ). Cells were selected by culture in normal growth medium supplemented with puromycin (5 mg/ml).
Plasmid pT7-SV (Strauss and Strauss, 1994) bearing infectious SV cDNA was used to synthesize full-length and subgenomic RNAs by in vitro transcription. RNAs derived from internal sequences of the SV genome were obtained from the following constructs: pGEM-SV942-2288, the SmaI-BglII fragment from the pT7-SV plasmid, was subcloned into the pGEM-1 plasmid (Promega) using SmaI and BamHI enzymes; pGEM-SV1920-2168, the EcoRI-NheI fragment from pT7-SV, was subcloned into pGEM-1 using EcoRI and XbaI enzymes; and pGEM-SV502-1099 þ1914-2168, the SspI-MscI fragment (nts 502-1099) from pT7-SV, was subcloned into pGEM-1 digested with SmaI. The fragment MscI-BglII (nts 1914-2288) from pT7-SV was then placed after the first fragment using MscI and BamHI enzymes, generating GAR (GCN2 Activating RNA) cDNA. pcMGCN2-wt (Berlanga et al, 1999) and pcMHRI-WT (Berlanga et al, 1998) plasmids have been described. Human PKR cDNA (kindly provided by Dr J Gil) and D. melanogaster PERK cDNA (Pomar et al, 2003) were used as a template for PCR amplification and for cloning of the corresponding open-reading frames in a pcDNA3.1/Myc-His vector (Invitrogen) (pcPKR and pcPERK). pcMGCN2-K618R and pcMGCN2-m2 were obtained from pcMGCN2-wt using the QuickChange TM site-directed mutagenesis kit (Stratagene). In pcMGCN2-K618R, lysine 618 was replaced by arginine. In pcMGCN2-m2, phenylalanine 1142 and arginine 1143 were replaced by leucine and isoleucine, respectively. Plasmid pToto1101/Luc has been described (Bick et al, 2003) .
For transient transfections, 293T cells were plated on 60-mm dishes. Plasmids (5 mg/dish) were transfected by the calcium phosphate method (Graham and van der Eb, 1973) or using Lipofectamine TM and Plus TM Reagents (Invitrogen), according to the manufacturer's instructions. For stable transfections, NIH 3T3 cells in 100-mm dishes were transfected with pcDNA3.1/Myc-His, pcMGCN2-wt and pcMGCN2-K618R (8 mg/dish). Stably transfected cells were selected using growth medium containing 0.4 mg/ml of G418 (Gibco Life Technologies).
Stably transfected NIH 3T3 cell clones expressing WT or K618R mutant GCN2 cDNAs were infected with different viruses. SV, SFV and VSV were amplified in NIH 3T3 cells. VV was grown in HeLa cells. Plaque assay of viruses was carried out as described before (Ventoso and Carrasco, 1995) .
Metabolic labeling of cells Cells (5 Â10
5 ) were labeled with 50 mCi/ml (1 Ci ¼ 37 GBq, 1000 Ci/ mmol) of [ 35 S]Met/Cys mixture (Promix, Amersham) for 0.5-1 h in a Met/Cys-free growth medium and lysed in a sample buffer as described previously (Ventoso et al, 1998) . Equivalent amounts of cell extracts were analyzed by SDS-PAGE/fluorography and exposed to X-ray films (Kodak). At the indicated h.p.i., cell lysates were analyzed by immunoblot with specific antisera for the detection of SV-E1 protein, eIF2a-P and total eIF2a as indicated.
